Abnormal function of NMDA receptors is believed to be a contributing factor to the pathophysiology of schizophrenia. NMDAR subunits and postsynaptic-interacting proteins of these channels are abnormally expressed in some patients with this illness. In mice, reduced NMDAR expression leads to behaviors analogous to symptoms of schizophrenia, but reports of animals with mutations in core postsynaptic density proteins having similar a phenotype have yet to be reported. Here we show that reduced expression of the neuronal RasGAP and NMDAR-associated protein, SynGAP, results in abnormal behaviors strikingly similar to that reported in mice with reduced NMDAR function. SynGAP mutant mice exhibited nonhabituating and persistent hyperactivity that was ameliorated by the antipsychotic clozapine. An NMDAR antagonist, MK-801, induced hyperactivity in normal mice but SynGAP mutants were less responsive, suggesting that NMDAR hypofunction contributes to this behavioral abnormality. SynGAP mutants exhibited enhanced startle reactivity and impaired sensory-motor gating. These mice also displayed a complete lack of social memory and a propensity toward social isolation. Finally, SynGAP mutants had deficits in cued fear conditioning and working memory, indicating abnormal function of circuits that control emotion and choice. Our results demonstrate that SynGAP mutant mice have gross neurological deficits similar to other mouse models of schizophrenia. Because SynGAP interacts with NMDARs, and the signaling activity of this protein is regulated by these channels, our data in dicate that SynGAP lies downstream of NMDARs and is a required intermediate for normal neural circuit function and behavior. Taken together, these data support the idea that schizophrenia may arise from abnormal signaling pathways that are mediated by NMDA receptors.
INTRODUCTION
Schizophrenia is a chronic, severe, and disabling brain illness. At present, the cellular and molecular mechanisms that lead to this psychiatric condition are poorly understood. There is mounting evidence that the glutamate neurotransmitter system, and in particular NMDA receptor hypofunction, might be a contributing factor leading to symptoms of this illness (Coyle, 1996; Javitt and Zukin, 1991) . NMDA receptor expression and localization is disrupted in patients with schizophrenia and acutely exposing neonatal mice or rats to an NMDAR antagonist causes certain schizophrenia-like behaviors in humans (Gorter and de Bruin, 1992; Wang et al, 2004; Wangen et al, 1997) . In addition, two distinct mutant mouse lines that have reduced NMDAR channel function model many of the positive, negative, and cognitive aspects of schizophrenia (Ballard et al, 2002; Mohn et al, 1999) . Several mice harboring mutations in genes associated with glutamate receptor function have also demonstrated similar abnormal behaviors (Miyakawa et al, 2003; O'Tuathaigh et al, 2007; Wiedholz et al, 2008) . Therefore, understanding how NMDAR function regulates neuronal circuits may provide clues to the molecular, cellular, and systems level defects that to contribute to schizophrenia.
NMDARs are glutamate-sensitive ion channels found on the postsynaptic membrane (Dingledine et al, 1999) , and activation of these receptors is necessary for neural plasticity occurring both in early life and adulthood (Carmignoto and Vicini, 1992; Cline and Constantine-Paton, 1989) . Blocking activation of these receptors during postnatal development alters input segregation in the visual and somatosensory cortex, affecting vision, and whisking behavior in rodents (Fox and Wong, 2005) . NMDARs open only when bound to glutamate and the membrane is depolarized, resulting in an exquisite mechanism to detect both synaptic release of glutamate and intense neuronal activation (Mayer et al, 1984) . When open, these channels are highly permeable to calcium (Mayer and Westbrook, 1987) , triggering activation of kinase cascades that promote synaptic plasticity and neuronal survival during neonatal development (Fox and Wong, 2005) . NMDARs are integral components of the postsynaptic density (PSD), an electron-dense structure that arises from a meshwork of proteins lying immediately under the postsynaptic membrane (Kornau et al, 1995; Sheng and Sala, 2001) . NMDARs bind to several PSD-enriched scaffold and signaling molecules resulting in a vast protein complex (Kornau et al, 1995; Niethammer et al, 1996) . This protein complex is believed to subserve the precise tuning of synapses in response to changing input patterns (Grant and O'Dell, 2001; Lisman and Zhabotinsky, 2001) , and genetic manipulation of some of these protein in mice alters development of neocortical structures. Interestingly, of the proteins known to be associated with psychiatric disorders, there appears to be a substantial bias toward proteins that bind to NMDARs . Therefore, understanding the signaling pathways regulated by synaptic NMDARs may provide insight into the events that lead to experience-driven CNS development, and as a consequence, psychiatric illnesses such as schizophrenia.
Several proteins with signaling domains, such as the neuronal RasGAP SynGAP (Chen et al, 1998; Kim et al, 1998) , are closely associated with NMDARs through the molecular scaffold present in the PSD. It has been hypothesized that the function of signaling proteins within the NMDAR complex is to decode synaptic information (ie, ion flux through receptors) into biochemical signals (ie, second messengers) that can be interpreted by the cellular organelles and the nucleus (Grant, 2003; Grant and O'Dell, 2001) . SynGAP, which is one of the most abundant proteins in the PSD (Chen et al, 1998; Cheng et al, 2006) , was originally cloned though its interactions with synaptic scaffolding proteins and is exclusively localized to excitatory synapses in the forebrain (Kim et al, 1998) . Importantly, this protein associates with NMDARs through direct interactions with SAP family proteins in vivo (Chen et al, 1998; Kim et al, 1998) , and is the most closely associated protein to NMDARs with a signaling domain (Grant, 2003) . This suggests that SynGAP may be involved in transducing NMDAR function though the PSD. Peak SynGAP expression occurs during the height of the postnatal critical period in rodents (PND 14) , but then slowly declines to adult levels by 10 weeks of age (Porter et al, 2005) . SynGAP null mice die on PND 2 (Kim et al, 2003; Komiyama et al, 2002; Vazquez et al, 2004) , a phenotype shared by NMDAR knockout mice (Forrest et al, 1994) . Interestingly, SynGAP null mice also have enhanced cortical apoptosis (Knuesel et al, 2005) , perhaps explaining their death shortly after birth. In contrast, SynGAP heterozygous mice do not die prematurely and breed normally (Kim et al, 2003; Komiyama et al, 2002; Vazquez et al, 2004) . These mice, which express 50% of total SynGAP levels, have slight abnormalities in somatosensory cortex development (Barnett et al, 2006) , suggesting they may have robust neurological deficits.
Because NMDAR hypofunction results in behaviors analogous to schizophrenia, and SynGAP is closely associated with a signaling complex associated with these channels, we hypothesized that SynGAP mutant mice would also display behavioral abnormalities analogous to this illness. Indeed, we report in this study that SynGAP heterozygous mutant mice display behavioral abnormalities analogous to several positive, negative, and cognitive symptoms of patients with schizophrenia. These behaviors included enhanced activity levels, reduced sensory-motor gating, altered social interactions, and reduced cognition. Some of these abnormalities were sensitive to the neuroleptic clozapine. SynGAP mutant mice demonstrated reduced sensitivity to the NMDAR antagonist MK-801, indicating that these behavioral abnormalities may be related to NMDAR hypofunction. Finally, behavioral abnormalities were present as early as 4 weeks of age, suggesting that these defects are a result of abnormal neonatal brain development. Together, our data indicate that reducing SynGAP expression may be a promising model to investigate the cell and molecular mechanisms that underlie psychiatric illnesses such as schizophrenia. On the basis of similar phenotypes shared by NMDAR and SynGAP mutant mice, our results suggest that these proteins exist in a common signaling pathway that may be dysfunctional in people with schizophrenia.
MATERIALS AND METHODS

SynGAP Mutant Mice
The generation of this SynGAP mutant line was described previously (Kim et al, 2003) . The mice used for in this study were a mixed genetic background of 129sv/ev (Taconic Farms, Inc., Hudson, NY) and c57/B6J (The Jackson Laboratory, Bar Harbor, ME). We arrived at this background by backcrossing the original F0 chimeras for six generations into C57/B6. Unfortunately, SynGAP Hets did not breed well in this nearly pure C57 background. A single backcross with a pure 129sv/ev strain completely abolished our breeding problems. SynGAP homozygous mutant die at PND 2-5, though the SynGAP heterozygous mice used in this study appeared normal. We obtained several generations of mice (4-7 cohorts) by mating WT males with heterozygous females. The offspring from these crosses demonstrated Mendelian ratios (55% WT/45% Het). In addition, SynGAP heterozygous mutants appeared healthy, well groomed, and of equal size compared to WT littermates (WT male, 23.8 ± 0.77 g; WT females, 17.5 ± 0.41 g; Het males, 24.1±0.86 g; Het females, 18.8±0.52 g; n ¼ 20 per group). We used similar numbers of males and females in each genotype for all tests. Some cohorts were used for more than one test, though the sequence of tests was carefully chosen (Crawley et al, 1997) . For example, fear conditioning was performed after all other paradigms. Cohorts injected with drugs were not used for subsequent behavior experiments.
Open Field Analysis
Locomotion and stereotypy were measured in an open field arena (43.2 Â 43.2 Â 30.5 cm) fitted with 16 evenly spaced I/R sources and sensors juxtaposed around the periphery of the four sides of the chamber (ENV-515; Med Associates, St Albans, VT). The outer walls were wrapped with white benchtop paper to limit external stimuli and light gradients. In addition, the room lights were kept low and a white noise generator was used (55 dB) during all runs. Each chamber was connected to a computer running software that recorded beam breaks (50 ms sampling rate). Three consecutive beam breaks represented an ambulatory episode (horizontal activity) and the total distance of all ambulatory episodes was recorded. Repeated single beam breaks within 1 s defined stereotypies. Therefore, horizontal activity and stereotypies could be acquired simultaneously.
Acoustic Startle and Prepulse Inhibition
Prepulse inhibition (PPI) of acoustic startle responses was measured using the Med Associates System (Med Associates). Animals were first habituated to the startle chamber and Plexiglas cylinder for 5 min daily for 3 days to reduce stress and unnecessary movement during the test session. On the fourth day, PPI testing was performed during the animal's dark cycle. The test began with a 5 min acclimation period where the animals were left in the chamber's cylinder undisturbed. The remainder of the test session consisted of three blocks of trials. The first block consisted of six 40 ms, 120 dB sound bursts used as startle stimuli, presented with varying intertrial intervals (8-12 s). The second and third blocks consisted of 26 trials each, with five different trial types: startle only stimulus, no stimulus, or a 20 ms prepulse sound (4 kHz) at 4, 8, or 16 dB above the background noise level (65 dB) presented 120 ms before the startle stimulus. The trial types were presented in pseudorandom order throughout each block with an average intertrial interval of 15 s (ranged from 10 to 20 s). The maximum startle amplitude recorded during the 50 ms sampling window was used as the dependent variable. The percent PPI of the startle response was calculated as: (startle response to the startle stimuli aloneÀstartle with the prepulse/startle to startle stimuli alone) Â 100. PPI data was analyzed using a mixed factor ANOVA with genotype as the between subjects factor and prepulse as the within subjects factor. When significant group interactions occurred, specific univariate comparisons were made. Significance was set as po0.05.
Acoustic startle was assessed in the same apparatus by exposing test mice to six exposures of a 120 dB white noise stimulus and then recording the acceleration of the startle reflex. Six trials for each mouse were averaged. Before each testing session, each chamber was calibrated with standards to assure that each accelerometer produced equivalent readings.
Social Interaction, Social Novelty, and Social Isolation
The test apparatus and experimental design were based on previous studies of social interactions in mice (Crawley, 2004) .
Apparatus. The test apparatus consisted of a clear plastic polycarbonate box measuring 19 Â 10.5 Â 8 in. (R20 Cage Series; Ancare, Bellmore, NY) with two fixed polycarbonate partitions, separating the box into three chambers. The partitions have openings that allow the animal to move freely from one chamber to another; however, when limited movement was desired, clear plastic doors were be taped over the openings. A top-mounted webcam (QuckCam; Logitech, Fremont, CA) recorded the animal's movement, allowing time in each chamber to be quantified post hoc. The three-chambered apparatus was wrapped in white benchtop paper and placed on the center of a lab cart in the center of a room to minimize light gradients and shadows, temperature, sound, and other environmental conditions that could produce inherent place preferences in the test chamber.
Cylindrical chrome wire cages were used to contain stranger mice and measured 11 cm in height, bottom diameter 10.5 cm, with bars spaced 1 cm apart (Galaxy Pencil/Utility Cup; Spectrum Diversified Designs Inc., Streetsboro, OH). A clear plastic cup filled with tap water was placed on top of these wire cages to prevent test mice from climbing on top of them. A layer of bedding (Beta Chip Hardwood Laboratory Bedding; NEPCO, Warrensburg, NY) was spread in the three-chambered apparatus during testing and was replaced after each subject to minimize scent carryover. Similarly, after each testing day, the wire cages and door inserts were wiped down with 70% ethanol and allowed to air-dry.
Sociability test. The test animal was placed in the middle chamber with the doors removed to allow it to explore the entire three-chambered apparatus for 10 min. After the 10-min habituation period, the test animal was removed and the doors were fixed over the openings in the partitions. The animal was again paced in the middle chamber and was confined to habituate to middle chamber for 10 min. After this 10-min center chamber habituation period, the test animal was removed and an unfamiliar adult (WT) mouse of the same sex (stranger 1) was placed inside a small wire cage in one of the side chambers. An identical empty wire cage was placed in the opposite chamber. The doors were removed and the animal was placed in the center chamber to freely explore the three chambers of the apparatus for a 10-min test session. The thin, widely spaced bars of the wire cage allowed nose contact between the bars, but prevented the stranger mouse from initiating any social contact and limited the possibility of aggressive interactions. Thus, initiation of social contact was attributable to the interest of the test subject for the conspecific. Sociability was measured by quantifying the time spent in the chamber with stranger 1 vs the time spent in the chamber with the empty wire cage. Importantly, location of the stranger mouse and the empty wire cage was alternated between left and right chambers on consecutive sessions.
Social novelty and isolation. The test animal was placed in the middle chamber and allowed to explore the entire threechambered apparatus for 10 min. During this habituation session, the small wire cages were present. After 10-min, the test animal was removed and an unfamiliar conspecific of the same sex (stranger 1) was placed inside one of the small wire cages whereas the other cage in the opposite side of the apparatus remained empty. The animal was placed in the center chamber to freely explore the three chambers of the apparatus for 10 min. After this 10-min session, the test animal was removed and a new unfamiliar mouse (stranger 2) was placed in the other wire cage. The test animal was again placed in the center chamber and allowed to explore the test apparatus for 10 min. Stranger 1 and stranger 2 animals originated from different home cages and had never been in physical contact with the test mice or each other. Social recognition memory was assessed by quantifying the time the test mouse spent in each chamber during the third 10-min session. Social isolation was assessed by measuring the time spent in the center chamber during the three 10-min sessions. WT mice spend less time in the center compartment as conspecifics are added to the apparatus, indicating their preference for social interaction over social isolation.
Contextual Plus Cued Fear Conditioning
Animals were handled for 3-5 days before training if naive. Otherwise, animals were placed in the conditioning chamber (Video Freeze; Med Associates) and allowed to explore for 3 min, after which a 30 s white noise tone (90 dB) was presented, which coterminated with a footshock (1 s, 0.5 mA). This tone-shock pairing was repeated twice, with an intertrial interval of 90 s. After the third and final shock, animals remained in the training chamber for an additional 90 s. Twenty-five hours later, animals were returned to the chamber and contextual memory was assessed by the percent of time spent freezing during a 5-min test period (no shock presentation). Four hours later, the dimensions, as well as the visual, tactile, and olfactory cues of the conditioning chamber were altered to render the context novel to the mice. Cued fear learning was then assessed. Mice were allowed to explore the new environment for 3 min, after which the auditory cue was represented for 3 min and freezing behavior was measured. The time spent freezing (s) was divided by session time (context: 5 min; cued: 3 min) and expressed as % freezing. During the cued fear expression test, animals with 440% pretone freeing were excluded from any further analysis.
Working Memory Test
Spatial working memory was assessed using a delayednonmatch-to-place task (Lee and Kesner, 2003; Li et al, 2007) . The task was conducted in an automated radial arm maze (Med Associates) running custom software. SynGAP hetero and wild-type littermates were group housed. Animals were food restricted to 80-85% of body weight and maintained there for the duration of the experiment. Access to water was ad libitum. Animals were only fed reward pellets (20 mg), a grain-based complete diet (BioServ, Frenchtown, NJ). After reaching the target weight, animals were habituated to the radial arm maze. Habituation consisted of placing the animal in the center of the maze, baiting all eight arms and opening all eight doors. Animals were then given 10 min to explore the maze. This process was repeated once a day until the animal could take at least six pellets in 10 min. Forced alternation training consisted of eight trials a day with a 3.4 s delay. Importantly, the lights were turned off during the delay period. Animals were trained to a criterion of 75% (six of eight) correct choices for 3 consecutive days. After training, animals were tested at varying delays (four trials each delay). This was repeated for 3 consecutive days (a total of 12 trials per delay). Arm locations and delay intervals for testing were pseudorandomly chosen with the same sequence for each animal. Animals that could not achieve the training criterion were excluded from analysis (three WT, three Het). Some animals performed well below the 75% training level at all delays during testing. To test for 'forgetting' of the forced alternation rule, these animals were then given eight trials at the original 3.4 s training interval. If they scored below criterion during this test (less than six of eight correct), then they were excluded from the analysis (one Het and two WTs were excluded in this manner). We did not detect an interaction between day and choice performance. Therefore, data from all three test sessions were pooled for each animal.
Drug Studies
For studies with clozapine (Tocris, USA), we employed a crossover design where on a given test day, one half of the animals received vehicle and the other half received the drug. Three days later, each group received the opposite treatment. This method allowed a direct comparison of how each genotype responded to a given drug during a behavioral test. Clozapine was dissolved in a vehicle comprised ethanol, cremaphore-EL (Sigma-Aldrich, St Louis, MO), and saline (1 : 1 : 8 ratio). A single dose of MK-801 is known to induce significant NMDAR-related changes. Therefore, we did not employ a crossover design for these studies. For the MK-801 (Sigma-Aldrich) experiments, all animals from each genotype first received saline injections. A few days later, these same animals received MK-801. Therefore, these mice were only used for one trial.
RESULTS
A common phenotype of mouse models of schizophrenia is enhanced activity when subjected to a novel open field environment (Ballard et al, 2002; Miyakawa et al, 2003; Mohn et al, 1999; O'Tuathaigh et al, 2007; Wiedholz et al, 2008) . Hyperactivity in the open field can be measured by assessing stereotyped behaviors, which are repetitive and purposeless movements, and this behavior is elevated in people with schizophrenia (Hill, 1974; Randrup and Munkvad, 1974) . We subjected both WT and SynGAP Hets to an open field chamber and recorded stereotyped movements. SynGAP Hets demonstrated significantly elevated stereotypies relative to WT littermates (Figure 1a and b; F (1, 27) ¼ 29.60, po0.001). This form of elevated activity was most pronounced at the beginning of a 2-h test session. To determine if this behavior was nonhabituating, we subjected mice to 30-min open field trials over 5 consecutive days (Figure 1c ). SynGAP Hets routinely exhibited elevated stereotypic counts relative to wild-type mice, indicating that this behavior was robust and nonhabituating. Low doses of NMDA receptor antagonists induce hyperactivity in humans and rodents, whereas mutant mice with reduced expression of NMDARs are hyperactive and do not respond to these pharmacological agents (Mohn et al, 1999 ). Therefore, we tested the effect of MK-801 injections on stereotyped behaviors in SynGAP mice. We detected differences between genotypes and drug treatments (genotype: F (1, 19) ¼ 5.44, po0.05; drug: F (1, 19) ¼ 5.20, po0.05). Saline-injected Het mice exhibited enhanced stereotypy relative to WT mice (Figure 1d and f; post hoc independent samples test; t(À2.68), po0.05). As expected, MK-801-injected WT mice exhibited a robust increase in stereotypies relative to saline controls (post hoc paired samples test; t(À3.73), po0.01), whereas Het mice did not respond to these injections (Figure 1e and f; post hoc paired samples test; t(À0.76), p ¼ 0.47). In addition, WT mice injected with MK-801 had similar levels of activity compared to MK-801-injected Hets (post hoc independent samples test; t(À0.59), p ¼ 0.57). Taken together, these data indicate that NMDAR hypofunction may contribute to elevated stereotyped behaviors in SynGAP mutants.
SynGAP Hets also exhibited significantly elevated horizontal activity relative to WT littermates (Figure 2a ;
.001), and this behavior was nonhabituating over repeated trials (Figure 2b ; day 1: F (1, 18) ¼ 29.3, ***po0.001; day 2: F (1, 18) ¼ 11.2, **po0.01; day 3: F (1, 18) ¼ 9.03, **po0.01; day 4: F (1, 18) ¼ 4.77, po0.05; day 5: F (1, 18) ¼ 7.78, *po0.05). A striking characteristic of SynGAP mutants was their seemingly random vectors though the open field. This behavior was in stark contrast to WT mice, which primarily ran around the outside the chamber and spent most of their time in the corners (Figure 2c ). This suggested that SynGAP mice had abnormal anxiety levels in an open field. To confirm this observation, we calculated thigmotaxis (the natural propensity of mice to explore the periphery of a novel environment) for both genotypes. Interestingly, SynGAP Hets were more likely to venture into the center of the field during the first few minutes of the test session (Figure 2d ; F (1, 20) ¼ 3.69, po0.05). Enhanced horizontal activity was also present in juvenile, newly weaned SynGAP mutants (Figure 2e ; F (1, 15) ¼ 8.05, po0.05), indicating that abnormal brain development may contribute to this behavior. We next tested the effect of NMDAR blockade on locomotor activity in SynGAP mice. We detected interactions between genotypes and between drug treatments in this experiment To determine significance between genotype and drug treatment, we used a 2 Â 2 ANOVA. To determine significance between individual groups, we performed a paired samples t-test between saline and MK-801 within genotypes, and an independent samples t-test between genotypes within the same drug treatment. *po0.05, **po0.01. (h) WT (n ¼ 9) and Het (n ¼ 9) mice were injected with varying doses of vehicle (v) If an interaction was observed, we performed a post hoc independent samples test to determine significance between genotypes within the same drug treatment group, and a paired samples test to determine significance within a genotype between saline and drug treatments.
Reduced SynGAP leads to NMDAR hypofunction X Guo et al effect was lost in the presence clozapine indicating that SynGAP Hets are more sensitive to this drug (Figure 2h ; post hoc independent samples test; 0.3 mg/kg, p ¼ 0.08; 1.0 mg/kg, p ¼ 0.25). Higher doses of clozapine caused dramatic changes to horizontal activity in both genotypes (post hoc paired samples test; WT ¼ po0.05; Het ¼ po0.005). There was no significant difference in the residual locomotor activity between genotypes treated with 2 mg/ml clozapine (Figure 2h ; post hoc independent samples test; p ¼ 0.31). These results demonstrate that hyperactivity caused by reduced SynGAP expression can be completely abolished by neuroleptic treatment. These data also indicate that this form of hyperactivity is not drug resistant.
We tested the hypothesis that startle reactivity and PPI were altered in SynGAP heterozygous mice. Both WT and mutants were exposed to startle stimuli in an acoustically isolated test chamber. SynGAP mutants responded more strongly to the 120 dB stimulus indicating abnormal processing of auditory information (Figure 3a ; (F (1, 21) ¼ 5.41, po0.05). Startle reactivity was further tested over a broad range of amplitudes. Interestingly, SynGAP Hets primarily demonstrated enhanced startle responses at the highest amplitudes (loudest pulses), suggesting that general inhibition of forebrain circuits may be disrupted (Figure 3b) . SynGAP heterozygous mice also demonstrated reduced PPI (Figure 3c ; 4 dB, F (1, 13) ¼ 17.3, po0.01; 8 dB, F (1, 13) ¼ 12.5, po0.01; 16 dB, F (1, 13) ¼ 13.4, po0.01), further indicating that forebrain circuits are dysfunctional in these mice. In contrast to open field activity, clozapine had no effect on PPI in SynGAP Hets. Clozapine (2 mg/kg) reduced the startle amplitude in both genotypes (not shown), yet had no effect on PPI in either group (Figure 3d , p40.05). At this dose, the startle responses were reduced to the point where higher doses of clozapine were not possible.
Schizophrenia patients display reduced social interactions and are often withdrawn from society. Several mouse models of schizophrenia exhibit reduced social behavior and a tendency for social isolation (Powell and Miyakawa, 2006 ). Therefore, we tested various social behaviors in SynGAP mice. We first habituated both groups of mice to a three-chambered observation apparatus and recorded their preference for each end of the apparatus (Figure 4a ). Neither genotype demonstrated left-right place preference during the habituation phase (WT, Z ¼ À1.86, p ¼ 0.06; Het, Z ¼ À0.09, p ¼ 0.93). We next measured sociability of each genotype by assessing the preference of each mouse for an object or a novel conspecific. Both WT and heterozygous mice spent significantly more time with an unfamiliar conspecific relative to the empty wire cage (Figure 4b ; WT, Z ¼ À2.37, po0.05; Het, Z ¼ À2.20, po0.05), indicating that a broad measure of sociability was normal in these mutants. To test for possible social recognition memory deficits in our mutants, we determined if they demonstrated a preference for an unfamiliar conspecific. Normal mice prefer social interactions with novel conspecifics and this choice is contingent on a memory for previous social interactions (Crawley, 2004) . WT mice spent significantly more time in the novel mouse compartment (Figure 4c ; Z ¼ À2.37, po0.05), indicating that this group of mice can form and express social memories. In contrast, SynGAP mutant mice were not able to distinguish between familiar and novel conspecifics (Figure 4c ; Z ¼ À1.18, p ¼ 0.24), indicating that there are broad and significant cognitive deficits in these mutants. To control for the possibility that Reduced SynGAP leads to NMDAR hypofunction X Guo et al SynGAP mice have reduced sensory processing, which precludes this form of learning, we tested both groups of mice for their ability to locate buried food. There was no difference in latency to locate hidden food rewards between genotypes ( Figure 4d ; F (1,11) ¼ 0.31, p ¼ 0.59), indicating that SynGAP Hets do not have a deficit in olfaction. Mice are inherently social animals, thus making it feasible to measure their willingness to interact with conspecifics. To test for social isolation in SynGAP mutants, mice were habituated to the observation chamber and then allowed to interact with a novel conspecific. After 10 min, a new conspecific was placed into the other end of the chamber. We then measured the time spent in the center chamber at all three test phases (habituation, stranger 1, stranger 1 + 2). WT mice spent similar time in the center chamber over the three test sessions (Figure 4f ). In contrast, SynGAP mice trended toward spending more time in the center chamber (Figure 4f ). This was especially apparent in the third 10-min block, a time when there was a conspecific at each end of the chamber. SynGAP Hets spent significantly more time compared to WT littermates in the center compartment during this period (block 1, F (1,13) ¼ 0.29, p ¼ 0.99; block 2, F (1,13) ¼ 1.06, p ¼ 0.32; block 3, F (1,13) ¼ 8.02, po0.05), and this difference was not because of place preference during three 10-min test sessions (Figure 4e) . Importantly, SynGAP Hets did not display elevated activity compared to WT littermates during the third testing block (Figure 4g ; F (1,13) ¼ 0.88, p ¼ 037). Because the center chamber represented a space that was separated from the other mice, these data indicate that SynGAP Hets prefer social isolation.
To further probe for potential cognitive defects in SynGAP Het mice, we next tested for deficits in conditioned fear. This type of associative learning is an interesting behavioral model of cognitive disruptions associated with schizophrenia, as patients with this illness demonstrate reduced autonomic responses during tests of Pavlovian fear conditioning (Astrup, 1962; Ax, 1990; Lynn, 1963) . We trained both WT and heterozygous SynGAP mutant mice in a contextual plus cued fear conditioning paradigm. There was no difference in freezing behavior between WT and Het mice when reexposed to the context the next day (Figure 5a SynGAP heterozygous mutants lack short-term social memory and exhibit social isolation. (a) Both genotypes of SynGAP mice (N ¼ 7 per group) were exposed to the social interaction apparatus for 10 min that contained the wire cages. There were no stranger mice present during this habituation session. Both genotypes preferred to spend time in the each end of the apparatus (L, R). There was no significant left-right place preference in either genotype. Wilcoxon signed-rank test. (b) WT (n ¼ 7) or Het (n ¼ 7) mice were allowed to explore the social interaction apparatus for 10 min (600 s). A stranger conspecific was placed inside one of the wire cages (mouse) whereas the other end of the apparatus contained an empty, but identical, wire cage (object). The time spent in each end of the apparatus is displayed for each genotype. Both genotypes displayed a clear preference for the conspecific. Wilcoxon signed-rank test. (c) WT (n ¼ 7) or Het (n ¼ 7) mice were allowed to explore the social interaction apparatus for 10 min. The test mouse was first habituated to a conspecific over 10 min (same). An unfamiliar conspecific was then added (different) and the time spend in each section of the apparatus was measured (600 s total). WT mice displayed a clear preference for the novel conspecific whereas SynGAP Hets did not. Wilcoxon signed-rank test. (d) Both genotypes (n ¼ 6 per group) were tested for their ability to find buried food in a test cage. Mice were first food restricted to 85% of normal body weight and then presented with a food reward that was clearly visible. The next day, these food rewards were buried in the bedding of a novel test cage and the latency to find the reward was measured. ANOVA. (e) WT and Het mice were placed into the social interaction apparatus and allowed to explore the entire environment for three consecutive 10-min sessions. The wire cages were present on each end of the apparatus during the entire test. The time spent in the center compartment was measured for each genotype (n ¼ 7 per group). (f) The time in the center compartment was measured during each 10-min session of the social recognition test (block 1 ¼ habituation; block 2 ¼ social interaction; block 3 ¼ social recognition). Differences between genotypes at each block were determined by a mixed factor ANOVA (n ¼ 7 per group). *po0.05. (g) Total number of chamber entries was recorded during the third block of the sociability test (n ¼ 7 per group). A chamber entry was defined as a complete crossing form one compartment into the other. ANOVA.
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A few hours later, both groups of animals were exposed to a different experimental chamber with distinct contextual and olfactory cues. SynGAP Hets displayed significantly less freezing behavior relative to WT littermates during the presentation of the conditioning tone (F (1,26) ¼ 9.47, p ¼ 0.005), indicating that there is a disruption in the cognitive processes associated with cued fear conditioning (Figure 5b ). Because contextual freezing was normal in the mutants, these data confirm that the neural processes that permit freezing in response to conditioned fear are normal. We wondered if presentation of the auditory cue induced hyperactivity in SynGAP Hets, which perhaps could explain their reduced freezing during the expression test. During training, the first cue presentation (before any footshocks) did not induce elevated activity in either genotype. In fact, WT mice had lower activity levels during the tone presentation and Het mice trended in the same direction (Figure 5c ; post hoc paired samples test; WT: t(5.90), po0.005; Het: t(2.18), p ¼ 0.061). During testing for cued fear conditioning, the initial tone presentation caused The same mice were also tested for freezing in response to an auditory cue. Left, 28 h after training, mice were placed into a novel context and allowed to explore for 3 min. Freezing was measured over this entire period. Right, After the 3-min acclimation period, the conditioning tone was presented for 3 min and freezing in response to the CS presentation was scored (n ¼ 17 WT/n ¼ 10 Het). ANOVA, **po0.001. (c) Left, Activity of WT (n ¼ 17) and Het (n ¼ 10) mice was recorded in the 30 s before (pretone) and immediately after (tone) the first conditioning tone. We determined an interaction only within genotypes by a 2 Â 2 ANOVA (genotype: F(1,26) ¼ 28.5, po0.001; activity:
and Het (n ¼ 6) mice were put in the elevated T-maze for 15 min. A computerized tracking device monitored both the time spent in each area of the maze and the number of entries in each location (ie, open arm, closed arm, and hub). Differences in arm time and arm entries were determined by an ANOVA with repeated measures.
Reduced SynGAP leads to NMDAR hypofunction X Guo et al a similar, but nonsignificant response in WT mice. In contrast, SynGAP Hets responded to the testing tone with a dramatic elevation in activity (Figure 5c ; post hoc paired samples test; t(À4.71), po0.005). Because this activity was only apparent after associative training, these data indicate that SynGAP hyperactivity is linked to the processes of cued fear. Our results strongly indicate that there are deficits in the expression of cued fear in SynGAP heterozygous mice. A deficit in fear-mediated behaviors indicates emotional disruptions and abnormal amygdala function (LeDoux, 2000) . Amygdala dysfunction is also associated with abnormal anxiety, and a clinically relevant relationship between anxiety and schizophrenia may exist in certain patients (Braga et al, 2004) . Therefore, we exposed WT and Het mice to the elevated plus maze, an accepted measure of generalized anxiety in rodents (Crawley et al, 1997) . Het mice spent less time in the closed arm (F (1, 13) ¼ 6.81, po0.05) and more time in the open arm (F (1, 13) ¼ 9.16, po0.05) of the maze relative to WT mice, indicating that SynGAP mutants have abnormal anxiety levels ( Figure 5d ). Importantly, there were no differences between genotypes in open (F (1, 13) ¼ 1.87, p ¼ 0.20) or total (F (1, 13) ¼ 1.04, p ¼ 0.33) arm entries (Figure 5d ), indicating that Het mice were not more active in the maze run. Together, these data strongly indicate that SynGAP mutant mice do not properly perceive danger, and this phenotype is not related to generalized or novelty-induced hyperactivity.
Defects in working memory are a hallmark of schizophrenia and there are no effective treatments for this aspect of the illness. Rodent models of schizophrenia demonstrate time-dependent working memory deficits (Li et al, 2007) . Therefore, we tested the idea that SynGAP Hets would also have this type of working memory impairment. SynGAP WT and Hets were first habituated to an automated eightarm radial maze and then subjected to multiple days of forced alternation. These animals were then tested for the ability to nonmatch-to-place at different delay intervals. Both groups of mice were able to learn the forced alteration rule and there was no difference between genotypes in total errors during training (Figure 6a ). During testing, the nonmatching ability of WT mice was not affected by time (p40.05), and performance at both 5 and 30 s met the training criteria (one-sample t-test, p40.05). In contrast, Het mice demonstrated a dramatic time-dependent decrease in nonmatching performance (Figure 6b ; F (1,13) ¼ 23.6, po0.005)). In fact, Het performance was significantly below the training criterion level at 30 s (one-sample t-test; po0.005) and was not different from random chance (one-sample t-test; p ¼ 0.28). Importantly, decision latency and test session duration were not different between the two groups (Figure 6c ; p40.05). Together, these data indicate that SynGAP Hets have significant spatial working memory deficits.
DISCUSSION
In this study, we report that SynGAP mutant mice have behavioral abnormalities similar to other mouse models of schizophrenia (Ballard et al, 2002; Miyakawa et al, 2003; Mohn et al, 1999; O'Tuathaigh et al, 2007; Wiedholz et al, 2008) . SynGAP heterozygous mice display behaviors that are related to the positive, negative, and cognitive symptoms that characterize this illness (Powell and Miyakawa, 2006) . These results were somewhat surprising, as SynGAP mutant mice have been tested previously for behavioral abnormalities. Although a mild spatial learning deficit has been reported in these mice, there was no report of any other behavioral abnormalities (Komiyama et al, 2002) . SynGAP mutants behave normally in the homecage environment (GR unpublished observation), breed and groom normally, are of equivalent size compared to WT mice, and have similar life expectancies (GR unpublished data). These data indicate that the robust neurological and behavioral deficits inherent to reduced SynGAP expression Reduced SynGAP leads to NMDAR hypofunction X Guo et al are only detectable by very specific behavioral assays and detailed observation. It has been hypothesized that core PSD proteins, such as SynGAP, are required for proper synaptic function, and as a result, may underlie certain psychiatric illnesses . In support of this idea, various PSD proteins, including PSD-95, are disrupted in the brains of schizophrenia patients (Kristiansen et al, 2006) . However, even though PSD-95 mutants exhibit robust learning deficits (Migaud et al, 1998) , they do not display the characteristic behaviors of mouse models of schizophrenia (Yao et al, 2004) . Therefore, we propose that SynGAP serves a unique regulatory role in the PSD, and may be required for proper NMDAR function in vivo. NMDAR antagonists induce psychosis in humans, whereas similar treatments in mice cause behavioral abnormities including profound hyperactivity (Javitt and Zukin, 1991) . SynGAP binds to NMDARs at excitatory synapses (Kim et al, 1998) and the activity of this protein is regulated by calcium influx through these channels (Oh et al, 2004) . Therefore, we hypothesized that the hyperactivity exhibited by SynGAP mice might be caused, at least in part, by reduced function of NMDARs. This idea was supported by the reduced effect of MK-801 on hyperactivity in SynGAP mutants. In fact, the effect of NMDAR antagonists on stereotypy was occluded in SynGAP mutants, whereas MK-801-injected WT mice had enhanced levels of activity, which was not significantly different from saline-injected Hets. Previous studies have demonstrated that SynGAP is an intracellular effector of NMDAR channel activity (Kim et al, 2005; Oh et al, 2004) . Therefore, whereas channel function measured electrophysiologically may indicate that a receptor is functioning normally, critical kinase cascades downstream of activated NMDARs may be dysregulated in SynGAP mutants. Therefore, reduced SynGAP expression could lead to NMDAR hypofunction that is ion channel-independent. Indeed, we have previously shown that reducing SynGAP expression alters MAP kinase signaling in forebrain neurons (Rumbaugh et al, 2006) . Although these data suggest the intriguing possibility that NMDAR hypofunction in SynGAP mutants contributes to hyperactivity, it is also possible that some other mechanism contributes to this phenotype in SynGAP mutants. Indeed, locomotion and stereotypy are regulated by numerous neural mechanisms that are independent of NMDAR function (Albin et al, 1989) . Therefore, more sophisticated experiments will be necessary to determine the cell and molecular mechanisms that are regulated by SynGAP, which contribute to hyperactivity in mice.
In addition to hyperactivity, SynGAP mice display altered sensory-motor gating and reduced social interactions. SynGAP mutants demonstrated enhanced startle reactivity and reduced PPI, which indicates that these mutants have robust deficits in forebrain circuit function (Geyer et al, 2001; Koch, 1999) . It is unlikely that enhanced startle reactivity results in altered PPI in these mice, as there are numerous instances where one measure is altered whereas the other is intact (Geyer et al, 2001) . Rather, distinct neural processes are likely altered in SynGAP mutants that disrupt the processing of auditory information and regulate sensory-motor gating. SynGAP heterozygous mice also lack the ability to discriminate conspecifics in a social setting. Conspecific discrimination is essential for an organized social hierarchy to develop in a group of animals (Crawley, 2004) . This indicates that reduced SynGAP function results in a significant cognitive defect in mice that may alter social interactions. In support of this idea, when given a choice to interact with conspecifics or to remain isolated, SynGAP mutants spent more time isolated compared to WT siblings. It is unclear if social isolation is related to deficits in social memory, though we speculate that isolation and social memory deficits in our mutants arise from distinct neural mechanisms.
Reduced SynGAP expression causes abnormal expression of conditioned fear. The cell and molecular mechanisms that promote fear conditioning are believed to underlie emotional learning in animals (LeDoux, 2000) . One hallmark of schizophrenia is development of a flat affect and persistent negative emotions (American Psychiatric Association and American Psychiatric Association. Task Force on DSM-IV, 1994), and many people with schizophrenia are unable to convey empathy further suggesting that emotional regulation is disrupted in these patients (Taylor et al, 2005) . SynGAP mutants exhibited reduced freezing in response to a conditioning tone previously associated with a mild footshock. The freezing response in these mice appears intact, as behavioral responses to a fear-associated context were normal. These data indicate that fear elicited by an auditory stimulus is selectively altered in SynGAP mutants. Both contextual and cued fear conditioning require the lateral amygdala (Phillips and Ledoux, 1992) . Therefore, it is unlikely that freezing defects during the test of cued fear are a consequence of abnormal learning and memory. It is possible that auditory stimulation disrupts the freezing response of Het mice during the cued test. There was no difference between WT and Het mice activity during the conditioning tone presentation, though activity was dramatically elevated in Het mice during tone presentation in the retrieval test. We speculate that reduced freezing during the CS presentation in Het mice results from alterations in tone processing that is uncovered by associative learning. These data, together with our observation of a clear anxiety phenotype in these mice, suggests that reduced SynGAP expression causes defects to emotional circuits that result in diminished responses to environmental cues that elicit fear.
Several recent reports have demonstrated that mutant mice with altered glutamate neurotransmitter function exhibit behaviors that are analogous to schizophrenia (Ballard et al, 2002; Miyakawa et al, 2003; Mohn et al, 1999; O'Tuathaigh et al, 2007; Wiedholz et al, 2008) . Interestingly, the behavioral abnormalities demonstrated by SynGAP mutant mice are most closely associated with the phenotypes reported for mutant mice with either low expression or reduced function of NMDARs (Ballard et al, 2002; Mohn et al, 1999) . In fact, the behavioral abnormalities of SynGAP mutants are nearly identical to these previously described mouse models of schizophrenia. For instance, all three of these mutant lines respond poorly to low doses of NMDAR antagonists, exhibit robust hyperactivity, suffer from reduced cognition and have altered sensory-motor gating. These data suggest that NMDARs and SynGAP exist in a common biochemical pathway that is necessary for normal brain function and behavior.
Is there a link between NMDAR activity and SynGAP function that might explain the strikingly similar behavioral abnormities shared by these mutant mouse lines? We hypothesize that NMDARs signal through SynGAP to regulate the trafficking of AMPARs in vivo, and this pathway may become dysfunctional in patients with schizophrenia. NMDAR function is necessary for many critical cellular processes including the activation of biochemical cascades that support neocortical development, synaptic plasticity and memory formation (Citri and Malenka, 2008) . Over the past decade, evidence has emerged that trafficking of GluR1-containing AMPARs is critical for the induction of certain forms of synaptic plasticity (Malinow and Malenka, 2002) . This form of regulated AMPAR trafficking is dependent upon NMDAR activity, and enhanced synaptic efficacy contributes to learning and memory in brain regions such as the hippocampus and amygdala (Pastalkova et al, 2006; Rogan et al, 1997; Rumpel et al, 2005; Whitlock et al, 2006) . Importantly, trafficking of GluR1-containing AMPARs has been demonstrated during various forms of emotional, contextual and reward learning (Conrad et al, 2008; Hu et al, 2007; Matsuo et al, 2008; Rumpel et al, 2005; Yeh et al, 2006) . In addition, AMPAR trafficking is also associated with plasticity of synaptic inputs in the somatosensory cortex during altered visual experience (Goel et al, 2006) . Therefore, abnormal AMPAR trafficking could explain many of the behavioral impairments described by certain mouse models of schizophrenia and may underlie certain symptoms of this illness. In support of this idea, GluR1 (GRIA1) has recently been identified as a schizophrenia susceptibility gene (Magri et al, 2006) , and mRNA and protein expression of this AMPAR subunit is altered in patients diagnosed with schizophrenia . Recently, mice lacking the GRIA1 gene were reported to display abnormal behaviors similar to that of SynGAP and NMDAR mutants (Wiedholz et al, 2008) . NMDARs also regulate SynGAP function in vivo by activation of CamKII activity (Oh et al, 2004) , and mice with reduced CAMKII expression have shared endophenotype commonalities with SynGAP Hets (Yamasaki et al, 2008) . CAMKII phosphorylation is a trigger for GluR1 insertion during certain forms of synaptic plasticity (Zhu et al, 2002) . Previously, we have shown that SynGAP is a potent regulator of AMPARS that contain GluR1 (Rumbaugh et al, 2006) , and regulation of SynGAP expression alters spine morphogenesis and synaptic strength (Vazquez et al, 2004) . At synapses, SynGAP binds to NMDARs and regulates signal transduction pathways that control AMPAR trafficking (Kim et al, 2005; Rumbaugh et al, 2006) . Therefore, we propose that a NMDAR-CAMKIISynGAP-GluR1 pathway is engaged in certain forebrain circuits that govern activity, sociability, and cognition. When this pathway is compromised, the refinement of cortical circuits may be disrupted during the neonatal critical period. Alternatively, altered signaling through this pathway may cause changes in neuronal integration from adult circuits that lead to abnormal behaviors. Future studies will be necessary to determine the role of SynGAP in development vs the function of this protein in mature neuronal circuits.
In conclusion, we present evidence that abnormal intracellular signaling associated with NMDAR activity results in broad neurological deficits in mice. The abnormal behaviors demonstrated by SynGAP mutants are in agreement with recently published mouse models of schizophrenia. Therefore, understanding the role of NMDARSynGAP signaling in neurons may provide insight into the neural mechanisms underlying mental illnesses.
